Growing cultures of Streptococcusfaecalis at temperatures above 30 C have activation energies for both rates of growth and glycolysis of 10.3 kcal mole-', and a constant growth yield; when growth takes place below this temperature, the growth yield decreases and the activation energy for growth increases to 21.1 kcal mole-', but the activation energy for glycolysis is unchanged. The adenosine triphosphate pool in the organisms behaves differently above and below 30 C, suggesting that the energetic coupling between anabolism and catabolism is less effective below 30 C. Washed suspensions ofS.faecalis have repressed glycolytic activity and an activation energy for glycolysis of 15.6 kcal mole-' over the whole temperature range studied. Growing cultures of Zymomonas mobilis below 33 C have a constant growth yield of 8.3 g (dry weight) of organisms per mole of glucose degraded, and activation energies for both glycolysis and growth of 11.1 kcal mole-'; above this temperature, the growth yield falls, the activation energy for growth changes to -6.9 kcal mole-', but the activation energy for glycolysis is unchanged, so that the coupling between anabolism and catabolism is less effective above 33 C. The findings support the view that energy turnover in these bacteria is not well regulated.
In cells of higher organisms, evidence has accumulated for feedback control mechanisms by which the energetic requirements of the organisms are capable of modifying the rate of catabolic activity. However, in bacteria, though feedback regulation of the activity of isolated enzymes has been clearly established (1) , overall regulation of the catabolic activity of the organisms in vivo is lacking. It has been shown that tight coupling between anabolic and catabolic processes does not necessarily occur (4, 9, 12) , so that in general the rate of energy production is not affected by the rate of energy utilization. The efficiency of utilization of energy may vary from the condition of complete uncoupling, such as may occur in washed suspensions catabolizing an exogenous substrate with no net biosynthesis occurring, to the condition of maximal efficiency during expoential growth in a nutritionally adequate medium. In this case of maximal efficiency of utilization of available energy, a variety of organisms behave similarly; the growth yield coefficient YATP (2) has a common value; for every mole of adenosine triphosphate (ATP), which it is calculated is produced by catabolism of the energy source, 10 g of new cellular material is synthesized. This suggests strongly that full coupling occurs in such cases. However, even during growth, full coupling does not necessarily occur, as changes in the growth medium causing it to become nutritionally inadequate may reduce the growth yield, though catabolism may proceed at an unchanged rate (15) . In this type of uncoupling, the effect is explicable in chemical terms; biosynthesis is affected by the reduced availability of materials, so that the energy made available from catabolism cannot be used to maximal efficiency.
It seems also that uncoupling can be effected by physical means. Senez (16) has suggested, though the evidence is incomplete, that the maximal efficiency of growth may be realized only over a restricted range of temperature, and that outside this range energetically uncoupled growth may take place even under conditions of adequate nutrition, such that maximal coupling would be expected. This communication presents evidence in support of the hypothesis.
MATERIALS AND METHODS
Zymomonas mobilis (ATCC 10988) was grown on the medium of Gibbs and DeMoss (11) . Preliminary experiments established that the yield of cells was linearly related to concentration of glucose up to an initial concentration of 1% glucose; all experiments reported were then carried out with a medium containing 1% glucose. (7, 8) , so that the system may be described kinetically by time-independent parameters, the criterion for a steady state. Thermodynamically, such a steady state would be expected to be the most stable configuration of the system (8) (10) .
RESULTS
The data for the effect of temperature on rates of growth and catabolism are most clearly expressed in terms of the energy of activation of the processes, obtained from plots of the Arrhenius equation
Ink--E + C -RT where: k is the rate constant for the process, E is the energy of activation, R is the gas constant, T is the absolute temperature, and C is a non-zero constant.
From the equation, the energy of activation has the dimensions kcal mole-'. It is usual in simple chemical systems to find a linear relationship of such plots, indicating a constant activation energy over a range of temperatures.
With both organisms studied, the growth yield maintained a maximal value over a range of temperatures. With Z. mobilis (Fig. 1) (2) . Confirmation of this value was also obtained in preliminary experiments carried out to determine the effects of various concentrations of glucose on growth yield in the medium employed (see Methods). This constant maximal growth yield was observed at low temperatures, but above 33 C the growth yield decreased rapidly with increasing temperature. Concurrently, a large change occurred in the energy of activation for growth, EA, from 11.1 kcal mole-' over the range of temperature where YATP was constant, to -6.9 kcal mole-' above 33 C, that is, there was an actual decrease in the rate of growth as well as the growth yield at the higher temperatures.
The energy of activation for catabolism, Ec, (16) . of the balance between the supply of energy from catabolism and its utilization for anabolic processes. However, the steady-state level of the pool is also influenced by various secondary effects not yet completely understood; thus it may be affected by anaerobiosis or changes in ionic strength (17) , while during growth in batch culture in S. faecalis the average size of the cells increases (7) and the pool level is negatively correlated with the increase in cell size. The net result of such secondary effects is that, even under the conditions of the present experiment at 37 C where anabolism and catabolism have been shown to be closely balanced (8) , the level of the pool falls throughout the course of growth. However, this fall in the measured level of the pool during growth is closely reproducible (6) so that meaningful comparisons can be made.
In Fig. 3 , the plotted levels of the pool at temperatures above 30 C, where balanced growth would be expected to take place, formed a family of parallel lines whose absolute level depended on temperature.
At and below 30 C, the behavior of the pool was obviously different. The curves formed a second, more closely spaced group quite distinct from those observed above 30 C; their slope was much smaller, indicating a different balance between anabolism and catabolism over the period of growth.
DISCUSSION
To demonstrate differences in the degree of coupling between anabolic and catabolic processes, it is necessary to show that changes in the rate and yield of the anabolic processes take place without corresponding changes in the rate of catabolism, so that the rate of generation of ATP from catabolism is not matched by a corresponding rate of utilization for synthetic purposes.
In the case of Z. mobilis, the fall in the rate and yield of biosynthesis begins at a temperature a little above the accepted optimal temperature of the organism; the decrease in rate of growth due to thermal inactivation is not accompanied by a similar decrease in glycolytic activity; the rate of degradation of substrate continues to increase at high temperatures, even though the energy as produced is not used for biosynthesis. This is the criterion for high temperature uncoupling.
S. faecalis exhibits complementary behavior, where glycolysis proceeds unaffected by the fall in the rate and yield of biosynthesis at low temperatures, so that the rate of generation of ATP from catabolism is unaffected by its rate of use. The measurements of the level of the ATP pool indicate that there is a real shift in the balance between input to and withdrawal from the pool at the lower temperatures, and that this changed balance has no significant effect on the rate of catabolism. It has previously been shown that large changes may occur in the level of the ATP pool in S. faecalis without these changes having any effect on the rate of catabolism (9) .
With both organisms the efficiency of utilization of energy is highest at temperatures near their accepted temperature optimum; at temperatures distant from the optimum, glycolysis and generation of ATP continue to obey the kinetic law applicable to a simple system, whereas the rate of biosynthesis is comparatively depressed. Presumably both high and low temperature uncoupling could be observed in each organism if observations are made over a wide enough temperature range.
Determinations of the energy of activation for growth in Escherichia coli and Bacillus stearothermophilus (3) have shown changes similar to those reported here; an increased activation energy at temperatures below the temperature optimum of the two organisms, accompanied by almost complete cessation of incorporation of amino acids into the organisms. This suggests a fall in the rate of biosynthesis at low temperatures, indicating that these organisms would also exhibit low growth yields at low temperatures, so that low temperature uncoupling would occur also with them.
The demonstration that changes in the degree of coupling may occur even under the favorable experimental conditions of adequate nutrition in the present experiments, and that this uncoupling is accompanied by a specific growth rate less than would be expected on the basis of simple kinetic behavior, suggests that a similar situation of incomplete coupling may apply in continuous culture systems. It is well established (13, 14) that the growth yield is reduced at low growth rates in such systems; here the growth rate may be reduced by limitation of constituents of the medium so that the situation would seem unfavorable for full energetic coupling. Support for this view is given by the experiments of Rosenberger and Elsden on the continuous culture of S. faecalis (15); these authors found that limitation of amino acids depressed the growth yield, whereas the rate of catabolism of glucose was unaffected.
Where conditions are drastically changed so that considerable repression of catabolism does occur, as in the case of a washed suspension of S. faecalis catabolizing glucose, the activation energy for glycolysis is considerably higher than that found for glycolysis during growth. Kinetically, this suggests that the rate-limiting process for ACTIVATION ENERGIES AND UNCOUPLED GROWTH glycolysis in a washed suspension is different from that operating during growth, and in fact the glycolytic activity of such suspensions of S. faecalis is a very stable property (9) more reproducible than the glycolytic activity of growing cells, and unaffected by changes in the amount of biosynthesis taking place (9) .
The data presented then are in agreement with the other evidence (4, 9, 12) that the processes of anabolism and catabolism are not closely coupled. The organisms set up a steady state of catabolism at a maximal rate during growth (8) , and under the most favorable conditions of exponential growth this results in a balance between anabolism and catabolism, giving maximal coupling efficiency. Under conditions where the rate of biosynthesis is reduced, there is not necessarily a corresponding fall in the rate of catabolism. Where the rate of catabolism is obviously repressed, the kinetic evidence indicates that a different rate-limiting mechanism operates, and that this control also is insensitive to the energetic demands of anabolic processes.
